Introduction {#ss6}
============

Ever since Singapore was stricken in March 2003 with severe acute respiratory syndrome (SARS), it became apparent that many survivors experienced chronic pulmonary morbidities and a multitude of psychosomatic manifestations.

We hypothesize that an endocrinological basis could account for some of these extrapulmonary symptoms due to their resemblance to various hormonal and metabolic disorders that frequently feature nonspecific symptomatology.[^1^](#b1){ref-type="ref"} Studies have linked aberrations in the hypothalamic--pituitary--adrenal (HPA) axis to psychiatric conditions.[^2^](#b2){ref-type="ref"} Moreover, correlations of hypothalamo--pituitary--thyroid (HPT) axis dysfunction with certain psychosomatic syndromes have been described.[^3^](#b3){ref-type="ref"}

The primary focus of this prospective study is to determine the existence of any chronic HPA axis sequelae in SARS survivors, while characterization of their prognostic outcomes and the presence of any HPT axis dysfunction constitutes its secondary objective. Given that the endocrinopathic properties of the SARS‐associated coronavirus (SARS‐CoV) is currently an inadequately explored domain, any hormonal aberrations unravelled through this preliminary investigation will contribute new scientific insights to the medical database with the potential of translating into clinically relevant therapeutic strategies for SARS‐associated endocrinopathies.

Patients and methods {#ss7}
====================

Subjects recruitment {#ss8}
--------------------

This research was conducted in Tan Tock Seng Hospital, the only nationally designated infirmary for isolation and treatment of all SARS patients, with approval from its Institutional Review Board. A total of 238 were infected with SARS, of whom 33 died. All survivors of probable SARS in Singapore aged 21 years and above were eligible. Those with pre‐existing endocrine disorders before SARS were excluded. Out of 205 survivors, two with underlying primary hypothyroidism were excluded, and 61 who fulfilled the inclusion criteria and provided written informed consent were prospectively enrolled about 3 months postdischarge, with the last batch of patients entered into the study by 30 September 2003 and followed up till 1 October 2004. Most of the remaining survivors not recruited did not consent for a variety of personal reasons, many of whom cited inconvenience, inability to be followed up over an extended period of 1 year or their reluctance to be subjected to laboratory investigations. A number of survivors refused to participate on grounds of being psychologically unprepared, or being in a state of grief over their deceased relatives who expired from SARS. Some remained noncontactable and could not be recruited and several were underaged individuals excluded for the purpose of this study. Using admission to the intensive care unit (ICU) as an arbitrary criterion for severe SARS, 46 were severe SARS cases admitted to the ICU of whom 20 survived; among them, eight severe SARS subjects were enrolled while 12 declined participation. Thus, among the survivors with severe SARS, 13·1% (8/61) were recruited while 8·3% (12/144) were not recruited. As such, more subjects with severe SARS were represented in the study cohort than those who were not entered into the study.

Sample collection and protocol {#ss9}
------------------------------

Blood samples were collected at 0800 h by venepuncture into EDTA and plain tubes for: 1) full blood count, 2) electrolytes, 3) cortisol, 4) ACTH, 5) free T4, 6) free T3, 7) TSH and 8) dehydroepiandrosterone sulphate (DHEAS). Twenty‐four‐hour urinary free cortisol (UFC) was done to assess integrated cortisol secretion. Subjects with serum cortisol below 275 nmol/l as cut‐off underwent dynamic HPA axis evaluation using low dose (1 µg), short Synacthen (ACTH‐1‐24) test (SST). Subjects with 0800 h serum cortisol below 138 nmol/l and/or poststimulation serum cortisol under 550 nmol/l at 30 min were deemed hypocortisolic. SST assessment for HPA axis recovery was repeated at about three to six monthly intervals. Although the study was terminated at 1 year, reviews were extended for those with persistent hypocortisolism as medically appropriate. Symptomatic patients with orthostatic hypotension were prescribed physiological doses of hydrocortisone replacement until their SST normalized.

Biochemical and immunoassay determinations {#ss10}
------------------------------------------

Blood was centrifuged, plasma separated, frozen and stored at −30 °C until assayed. Hormone measurement techniques including immunochemiluminometric assay (ICMA), radioimmunoassay (RIA) and immunoradiometric assay (IRMA) were employed according to standardized manufacturers' protocols with detection limits, intra‐ and interassays coefficients of variations published in package inserts: FT4 (chemiluminescence immunoassay--ACS‐180‐Plus analyser, CIBA--Corning Diagnostic Corp., Medfield, MA), TSH (3rd generation ICMA‐Access TSH Assay, Sanofi Diagnostics Pasteur, Inc., Chaska, MN), FT3 (RIA‐Becton Dickinson and Co. kit, SmithKline Beecham Laboratories, Van Nuys, CA), DHEAS (RIA‐ Coat‐A‐Count DHEA‐SO4 kit, Diagnostic Product Corp., LA, CA), cortisol (solid phase RIA‐Diagnostic Product Corp., LA, CA), ACTH (immunoradiometric assay, Nichols Institute Diagnostics, San Juan Capistrano, CA). Twenty‐four‐hour UFC was measured by enhanced chemiluminescence immunoassay using Vitros ECi immunodiagnostic analyser.

Statistical analysis {#ss11}
--------------------

Descriptive statistical analysis was performed on raw data where applicable. For stimulated cortisol end‐points at sequential assessments, paired numerical data were compared with the use of the nonparametric Wilcoxon signed ranks test. A two‐tailed *P* value of 0·05 or less was used as a criterion to indicate statistical significance. Analysis was done using [spss]{.smallcaps} statistical software package on a personal computer (version 12·0).

Ethical approval {#ss12}
----------------

The institutional review board (Research and Ethics Committee, Tan Tock Seng Hospital) approved the study on the basis that it complied with the declaration of Helsinki,[^4^](#b4){ref-type="ref"} and that the protocol followed existing good clinical practice guidelines.

Results {#ss13}
=======

[Table 1](#t1){ref-type="table"} shows the demographic and clinical profile of the study population. Twenty‐four (39·3%) patients had hypocortisolism, of which 20 (83·3%) had unequivocal central hypocortisolism as evidenced by concomitant low or inappropriately normal ACTH levels ([Table 2](#t2){ref-type="table"}). Four (16·7%) had hypocortisolism associated with plasma ACTH above the upper reference limit of 11 pmol/l (50 pg/ml). Although this may superficially suggest primary hypocortisolism, the levels of ACTH were not elevated sufficiently to be diagnostic of primary hypocortisolism. In the absence of renin--aldosterone data and overt addisonian crisis, primary adrenal insufficiency was most unlikely, whereas secondary hypocortisolism appear to be the main form of HPA axis dysfunction encountered here. Indeed, the raised ACTH may in fact be a reflection of a recovering HPA axis following steroid‐induced suppression. Among these four patients, one who was given systemic steroids during SARS was probably a case of central hypocortisolism rather than primary hypocortisolism, being recruited at a time when the hypothalamo‐pituitary unit was recovering from transient HPA axis suppression, while the other three with elevated ACTH who had no steroids exposure during SARS or prior to SARS could arguably be cases of SARS‐induced central hypocortisolism showing evidence of early hypothalamo‐pituitary recovery rather than primary adrenal insufficiency.

###### 

Clinical characteristics of the study population (*n* = 61)

  Variable                             Value
  ------------------------------------ --------------------------------------------------
  Age                                  36·5 (25·5--47·5)
  Gender (male:female)                 14:47
  Race                                 Chinese (39), Malay (13), Indian (7), others (2)
  Use of corticosteroids during SARS   10
  Number who required ICU care          8
  Mechanical ventilation                7
  Need for tracheostomy                 3

###### 

SST1, SST2 and SST3 represent the sequential order (i.e. 1st, 2nd, and 3rd) of the low dose short Synacthen test being performed during the follow‐up of hypocortisolic patients. Wilcoxon signed ranked test on 30 min F between SST1 and SST2 revealed a statistically significant improvement in stimulated serum cortisols over time (*P \<* 0·001). (Abbrev: F is serum cortisol, UFC is urinary free cortisol, NR is normal range, while *n* is the number of patients)

  Patient   p.ACTH (pmol/l) (NR: 2--11)   24 h UFC (nmol/day) (NR: 59--413)   SST1: F (nmol/l) *n* = 21   SST2: F (nmol/l) *n* = 21   SST3: F (nmol/l) *n* = 8                   
  --------- ----------------------------- ----------------------------------- --------------------------- --------------------------- -------------------------- ----- --------- -----
  1          4·3                           42                                 108                         174                         170                        582   --        --
  2         11·6                          160                                 259                         307                         253                        504   Default   --
  3         16·9                          106                                 368                         391                         322                        588   --        --
  4          3·0                          118                                  58                         207                         269                        649   --        --
  5          4·6                          Not done                            214                         279                         188                        485   Default   --
  6          2·9                          200                                 159                         244                         216                        720   --        --
  7          2·3                          Not done                            254                         272                         213                        586   --        --
  8         18·7                           56                                  90                         443                         106                        469   Default   --
  9          3·7                          150                                 225                         262                         251                        708   --        --
  10         3·2                          Not done                            146                         273                         190                        528   Default   --
  11         3·9                          128                                 104                         133                         220                        579   --        --
  12         6·1                          173                                 279                         299                         519                        760   --        --
  13         6·1                          Not done                            181                         189                         268                        652   --        --
  14         2·3                           73                                 201                         384                         274                        363   223       537
  15         7·4                           24                                  90                         205                         171                        483   526       575
  16         6·4                           84                                 191                         225                         174                        310   131       662
  17         2·0                          102                                  93                         117                         167                        234   196       676
  18         3·9                          139                                 201                         222                         262                        299   108       554
  19         7·3                           76                                 280                         322                         441                        455   565       750
  20         4·6                           13                                 165                         240                         226                        309   182       678
  21        16·9                          133                                 130                         151                         294                        305   185       255

Among the 24 patients with hypocortisolism, three were deemed hypocortisolic based on 0800 h serum cortisol below 138 nmol/l, while 21 patients with borderline values underwent low‐dose SST for evaluation of HPA axis integrity. Because the treatment protocol for critically ill SARS patients managed in the ICU included the use of high‐dose systemic glucocorticoids, HPA axis suppression as a cause of central hypocortisolism from exogenous steroid exposure remains a possibility. Of the 24 patients with hypocortisolism, six received systemic glucocorticoids during SARS while one was an asthmatic on inhaled corticosteroids. Among the six patients treated with systemic glucocorticoids, three were on prednisolone up to a dose of 60 mg given for 2--5 days; the other three patients had intravenous methylprednisolone 200 mg for 3 days, followed by hydrocortisone 100 mg 8 hourly for about a week before being switched to oral prednisolone tapered over 10 days. Notably, the majority (18 patients) of those with hypocortisolism were glucocorticoid naïve. Four of six patients treated with high‐dose parenteral glucocorticoids who escaped hypocortisolism post‐SARS demonstrated the lack of prolonged suppression on the HPA axis with the corticosteroid regimen and doses utilized.

To support the notion that none in the study had pre‐existing subclinically impaired HPA axis, retrospective data of the standard 250 µg SST performed prior to the administration of glucocorticoids revealed 30 min stimulated serum cortisol exceeding 1000 nmol/l for most critically ill steroid‐treated cases in the ICU ([Table 3](#t3){ref-type="table"}), indicating intact HPA axis at the time of acquiring SARS. As a corroborative measure, to determine if hypocortisolism occurred during acute SARS in those steroid‐naïve patients without SST data, retrospective data of blood pressures recorded at the height of the febrile period were compared against that during apyrexial phase at discharge. This assumes that any patient with acute hypocortisolism developing in the midst of SARS would manifest profound hypotension. However, the average decrease in mean arterial pressure (MAP) was modest and comparable between the group who had hypocortisolism post‐SARS (−9·8 mmHg, *n* = 15) and those who remained eucortisolic (−10·4 mmHg, *n* = 17).

###### 

Baseline and stimulated plasma cortisols of 15 critically ill SARS patients (eight of whom survived and participated in our study) prior to parenteral glucocorticoid therapy

  Patient   Plasma Cortisol (nmol/l) 0 min   Plasma cortisol (nmol/l) 30 min   Plasma cortisol (nmol/l) 60 min
  --------- -------------------------------- --------------------------------- ---------------------------------
  A           1220                             1640                            --
  B            619                             1190                            1410
  C         \> 1700                          \> 1700                           --
  D            683                             1440                            1700
  E            877                             1310                            --
  F            182                              643                            --
  G           1060                             1340                            --
  H            354                              828                            --
  I            664                             1100                            --
  J            633                              660                             691
  K            880                             1500                            1600
  L           1330                             1420                            --
  M            702                             1070                            1250
  N           1650                           \> 1700                           --
  O            558                              858                            --

Using a poststimulated serum cortisol cut‐off of greater than 550 nmol/l for complete recovery of the HPA axis, 15 (62·5%) resolved within a year paralleled by resolution of orthostatic hypotension and a subjective sense of improved well‐being (i.e. reduced fatigue and postural dizziness compared with their perceived symptoms at the time of entering the study), while six (25%) had residual hypocortisolism of whom only one still required hydrocortisone replacement. Although we did not formally evaluate the spectrum of symptoms between those with normal *vs.* impaired HPA axis using standardized psychometric scales or instruments of health outcomes/quality of life (QoL) measurements (e.g. SF‐36), only 37·8% (14/37) of those with normal HPA axis compared with 87·5% (21/24) of those with impaired HPA axis volunteered having experienced fatigue and/or orthostatic dizziness at the point of recruitment.

Serial SST revealed a statistically significant improvement in stimulated cortisols among all hypocortisolic patients over time (*P \<* 0·001) ([Table 2](#t2){ref-type="table"}). Four patients with suboptimal stimulated cortisols defaulted follow‐up. For those whose HPA axis resolved completely within a year, the average duration for recovery of the hypofunctional HPA axis was 5·9 ± 3·1 months. Among those patients with delayed recovery of the HPA axis beyond 12 months, there was no obvious linkage to age, sex, race or severity of illness. However, there was a clear trend of improvement over the course of follow‐up in stimulated adrenal cortisol output in all cases with hypocortisolism ([Fig. 1](#f1){ref-type="fig"}).

![Results of short Synacthen test (SST) showing mean serum cortisol responses over a year of follow‐up of 21 survivors of SARS with hypocortisolism. SST1, SST2 and SST3 represent respectively, SST performed at the first, second and third clinic visit.](CEN-63-197-g001){#f1}

Two of the hypocortisolic cohort had subclinical thyrotoxicosis. Four were biochemically hypothyroid, comprising three with central hypothyroidism and one with primary hypothyroidism. Thyroid autoantibodies were positive only in the male patient with primary hypothyroidism (antithyroglobulin antibody positive and antithyroperoxidase antibody \> 500 mIU/ml), though he had neither previous symptoms nor a history of thyroid disorder. Two of the three with central hypothyroidism had concomitant central hypocortisolism. Except for the patient with primary hypothyroidism who never recovered and still required L‐thyroxine 100 µg daily replacement at the close of the study, the other cases of thyroid dysfunction were transient and resolved between 3 and 9 months. We found low levels of DHEAS in eight (13·1%) patients after adjusting for age, sex and menopausal status. Within this group, there was only a male while the rest were women.

Discussion {#ss14}
==========

SARS is a novel infection with significant morbidity and mortality posing a serious threat to mankind in this new millennium.[^5^](#b5){ref-type="ref"} Observations of survivors of SARS during clinical follow‐up revealed a cluster of chronic extrapulmonary symptoms such as lethargy, malaise, lassitude, fatigue, weakness, orthostatic dizziness, anorexia, apathy, anxiety and depression. Although mostly vague, nonspecific and ill‐defined, these symptoms were reminiscent of the complaints seen in a host of endocrine disorders, including hypothyroidism, hypocortisolism, thyrotoxicosis, hypercalcaemia, hypopituitarism and Cushing\'s syndrome. Theoretically, this coronavirus can involve any organ during the viraemic phase. Because certain forms of hypophysitis, thyroiditis and adrenalitis have viral aetiologies,[^6^](#b6){ref-type="ref"}, [^7^](#b7){ref-type="ref"}, [^8^](#b8){ref-type="ref"} it is instructive to determine the endocrinopathic impact of SARS‐CoV. Recently, researchers have examined the pulmonary and psychological aftermath of SARS survivors.[^9^](#b9){ref-type="ref"}, [^10^](#b10){ref-type="ref"} However, most studies were cross‐sectional with limited longitudinal data, and to our knowledge, endocrine derangements have not been reported thus far.

Our investigation set on record an unprecedented effort to chronicle the natural history of endocrine dysfunction, in particular that of the HPA axis, in SARS survivors for up to a year. Serial longitudinal evaluation facilitated characterization of trends and prognostication. A sizeable proportion surprisingly exhibited cortisol deficiencies rather than up‐regulated HPA axis or thyroid status typical in depression and panic disorder.[^11^](#b11){ref-type="ref"}, [^12^](#b12){ref-type="ref"}, [^13^](#b13){ref-type="ref"} In this respect, the cortisol disturbances observed are analogous to that reported in chronic fatigue syndrome, post‐traumatic stress disorder and primary fibromyalgia syndrome, whereby the HPA axis appears to be under‐active.[^14^](#b14){ref-type="ref"}, [^15^](#b15){ref-type="ref"}

Central hypocortisolism consequent to a pathological effect of SARS rather than glucocorticoid‐induced HPA axis suppression was suggested by absence of steroid use in nearly two‐thirds of this group. Moreover, the transient and minimally suppressive effect on the HPA axis of the glucocorticoid regimen used is backed by those with preservation of a normal response to the low‐dose SST despite having received high‐dose glucocorticoids. Taken together, this implies that the HPA axis impairment is probably a delayed pathological complication post‐SARS rather than merely be ascribed to suppression by exogenous steroid use. Other than mild reduction in MAP during pyrexia from SARS, the absence of overt hypotension during the acute febrile phase of SARS in survivors who developed hypocortisolism subsequently also suggests that SARS‐associated hypocortisolism is a late‐onset phenomenon. This is supported by evidence of those with intact HPA axis by standard dose SST during acute SARS who subsequently revealed impaired HPA axis by low dose SST at 3 months postdischarge.

Although speculative, the overall data are interpreted to be consistent with the hypothesis that hypocortisolism in SARS survivors develops gradually as a late complication several weeks after the onset of SARS infection. Because the majority of these patients were young (mean age 36·5 years), previously healthy and had no prior corticosteroid exposure, there is a strong likelihood that the SARS‐CoV was the aetiologic agent responsible for hypocortisolism.

To address the integrity of the HPA axis of SARS survivors postdischarge, the low‐dose 1 µg SST was employed as it was deemed potentially more appropriate and sensitive than the 250 µg SST in detection of any recent onset central hypocortisolism associated with minimal adrenal atrophy, in whom false negatives could result with the supraphysiological 250 µg SST.[^16^](#b16){ref-type="ref"}, [^17^](#b17){ref-type="ref"}, [^18^](#b18){ref-type="ref"}, [^19^](#b19){ref-type="ref"}

The negative thyroid autoantibodies in all but one patient implicate SARS‐CoV rather than autoimmunity as a pathogenetic mechanism causing transient subclinical thyrotoxicosis or hypothyroidism. Nonthyroidal illness (i.e. 'euthyroid sick syndrome') was an unlikely confounder as these patients were completely apyrexial at the time of enrolment into the study. Although no radionuclide scans or thyroid biopsies were performed, we postulate that SARS‐CoV induced thyroiditis or hypophysitis, either alone or in combination, was the most probable reason for the thyroid dysfunction.

We had assayed DHEAS because there is evidence in the medical literature suggesting a correlation between a low DHEAS level and psychosomatic symptoms.[^20^](#b20){ref-type="ref"}, [^21^](#b21){ref-type="ref"} However, we found a much smaller number with DHEAS deficiency compared to those with hypocortisolism. This finding may be explained by the fact that adrenal androgen production is not solely regulated by ACTH, but also by extra‐adrenal peptides including β‐endorphin and β‐lipotropin, and by an intra‐adrenal neuroimmune system.[^22^](#b22){ref-type="ref"}, [^23^](#b23){ref-type="ref"} It is possible that DHEA replacement could further ameliorate symptoms in those with DHEAS deficiency. Because of the dramatic improvement of energy level, mood and resolution of dizziness after achieving satisfactory cortisol levels, DHEA replacement was not instituted in those affected, predominantly female patients in case adverse effects outweigh its benefits. We elected not to investigate the rest of the pituitary hormones and only to focus our attention on the HPA axis and thyroid dysfunction which were better defined in postviral syndromes.

Although there was a suggestion in the course of clinical follow‐up that patients with impaired HPA axis were relatively more symptomatic initially compared to a year later, we did not formally correlate endocrine dysfunction with psychosomatic symptoms to permit a rigorous conclusion as to whether subjects with impaired HPA axis had more symptoms than those with an intact HPA axis, or that symptoms significantly improved with recovery or treatment.

Intriguingly, such a link, if it exists, may be mediated by angiotensin‐converting enzyme (ACE), possibly interacting with neurotransmitter pathways yet to be understood. In this regard, alterations in the insertion/deletion (I/D) polymorphism in the ACE gene are associated with increased risk of chronic fatigue syndrome and idiopathic chronic fatigue.[^24^](#b24){ref-type="ref"} Coincidentally, SARS‐CoV utilizes the angiotensin‐converting enzyme‐2 (ACE2)[^25^](#b25){ref-type="ref"} and a C‐type lectin surface glycoprotein called L‐SIGN or CD209L[^26^](#b26){ref-type="ref"} as critical portals of cellular entry. Perhaps ACE‐2 and/or CD209L could be expressed in the hypothalamus and pituitary where they may play a role in post‐viral fatigue pathogenesis, given our data of post‐SARS hypocortisolism, even though neither ACE2 nor CD209L has been shown to date to be expressed on any endocrine organ.

Finally, the overall prognosis of hypocortisolism in post‐SARS survivors appears favourable. Our results provide compelling evidence that the HPA and HPT axes are candidate targets of SARS‐CoV. Pending future SARS epidemics, adequately powered clinical studies to clarify this could prove daunting. *In vitro* studies and animal models of SARS might better define the endocrine lesions.

Conclusion {#ss15}
==========

Overall, the data seem most consistent with SARS causing a reversible hypophysitis or direct hypothalamic effect, with the HPA axis more frequently perturbed than the HPT axis in SARS survivors. Although speculative, these findings highlight a possible aetiologic role of SARS‐CoV as an endocrinopathic factor deserving of future elucidation by *in vitro*, animal and clinical studies.
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